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Summary
Objective: The chondron is a basic unit of articular cartilage that includes the chondrocyte and its pericellular matrix (PCM). This current study
was designed to investigate the effects of the chondron PCM on the gene expression proﬁle of chondrocytes.
Design: Chondrons and chondrocytes were enzymatically isolated from human articular cartilage, and maintained in pellet culture. Pellets of
chondrons or chondrocytes were collected at days 1, 3 and 5 for cDNA microarray analysis.
Results: In comparison with chondrocytes alone, chondrons had 258 genes, in a broad range of functional categories, either up- or downre-
gulated at the three time points tested. At day 1, 26 genes were signiﬁcantly upregulated in chondrons and four downregulated in comparison
to chondrocytes. At day 3, the number of upregulated chondron genes was 97 and the number downregulated was 43. By day 5, there were
more downregulated genes (56) than upregulated genes (32) in chondrons. Upregulation of a group of heat shock proteins (HSPA1A, HSPA2
and HSPA8) in chondrons was validated by real time reverse transcription polymerase chain reaction (RT-PCR). Genes related to chondro-
cyte hypertrophy and dedifferentiation such as SSP1 and DCN were downregulated in chondrons as compared to the expression in
chondrocytes.
Conclusion: The presence of the PCM in chondrons has a profound inﬂuence on chondrocyte gene expression. Upregulation of the heat
shock protein 70 may contribute to the robustness and active matrix production of chondrons. The intact PCM may further stabilize the phe-
notype of chondrocytes within chondrons.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Given the fact that chondrocytes are individually embedded
in the extracellular matrix (ECM), the interaction between
chondrocytes and ECM is crucial for the functional regula-
tion of chondrocytes and cartilage. Anatomically, the peri-
cellular matrix (PCM) is the primary location for exchange
of signals between chondrocytes and ECM. A chondron, in-
cluding the chondrocyte and its PCM or microenvironment,
is the basic anatomical, functional and metabolic unit of car-
tilage1,2. Type VI collagen is preferentially localized to the
PCM and has been identiﬁed as a marker of chondrons3.
The existence of the PCM in chondrons offers chondrocytes
protection from physical stress. Chondrons have demon-
strated resistance to compression4 and increased Young’s
modulus when compared to chondrocytes5. The pericellular
‘‘capsule’’ represents about 60% of the cross-sectional area
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Received 12 July 2005; revision accepted 19 November 2005.449of chondrons, and is an osmotic buffer zone to the enclosed
chondrocytes6. The greater physical properties of chon-
drons are associated with the integrity of molecular compo-
sition of the PCM, such as the presence of type VI collagen
and keratan sulphate4,6.
The establishment of enzymatic methods for chondron
isolation enables the harvesting of a large number of viable
chondrons in vitro7. Isolated chondrons are active in matrix
deposition8,9, a necessity of tissue engineering and carti-
lage repair.
Chondrons have been characterized with respect to their
structural and physical properties. Enzymatically-isolated
chondrons have also been shown to develop more ECM
than isolated chondrocytes in pellet culture9. The inﬂuence
of the intact PCM on gene expression of chondrocytes
within chondrons has not been previously examined. In
the current study, chondrons and chondrocytes were enzy-
matically isolated from human articular cartilage, and main-
tained in pellet culture. The gene expression proﬁles of
chondrons and chondrocytes were compared using cDNA
microarray analysis. A subset of genes that showed signif-
icant differences in cDNA microarray analysis, and with
known relevance to chondrocyte phenotype and function,
450 Z. Zhang et al.: Comparison of gene expression proﬁlewas further studied using real time reverse transcription
polymerase chain reaction (RT-PCR).
Materials and methods
ISOLATION AND CULTURE OF CHONDRONS
AND CHONDROCYTES
Adult human articular cartilage was obtained from three
patients undergoing knee replacement surgery due to
end-stage osteoarthritis with approval from the University
of North Carolina Committee on the Protection of the Rights
of Human Subjects. From each knee, all of the cartilage
was collected, minced, and then divided into two parts for
chondron and chondrocyte isolation. The cartilage from
each knee was kept separate. According to a previously de-
ﬁned protocol7, chondrons were enzymatically isolated by
a 5-h digestion in 3.4 U/ml dispase (Life Technologies,
Grand Island, NY) and 384 U/ml collagenase (Worthington
Biochemical Corp., Freehold, NJ) in phosphate buffered sa-
line (PBS) at 37(C. The obtained chondrons were morpho-
logically comparable with chondrons originally described1,7.
Chondrocytes were isolated by digestion with 1320 PUK/ml
pronase in Dulbecco’s modiﬁed Eagle medium (DMEM,
Calbiochem, San Diego, CA) for 1 h followed by 0.4% colla-
genase (CLS-2, Worthington) in DMEM for 3 h. After strain-
ing through 70 mm nylon mesh, 6 105 chondrocytes as
chondrons or chondrocytes were centrifuged at 400g for
10 min in 0.75 ml tubes in a 96 well format (Matrix Technol-
ogies Corp., Hudson, NH). The pellets were maintained in
400 ml Opti-MEM with GlutaMax (Life Technologies), a pro-
prietary medium containing insulin, transferrin and seleni-
um, and supplemented with 2.7 mM CaCl2, 25 mg/ml
ascorbate-2-PO4 (Sigma), and with penicillin/streptomycin.
Based on preliminary studies of optimum matrix synthesis,
cultures were started in media with 2% fetal bovine serum
and then fed with serum free media on days 2 and 4. Ten
to 15 pellets were collected from each of the three human
subjects, after 24 h, 3 days and 5 days in culture. RNAlater
(Ambion, Inc., Austin, TX) was added to the individual cul-
ture tubes before storage at 80(C, pending RNA isolation.
cDNA MICROARRAY
Total RNA was isolated from 10 pellets of chondrocytes
and chondrons from each human subject, using the TRIzol
RNA isolation method (Invitrogen, Carlsbad, CA). Probe
preparation was accomplished by radiolabelling
(a[33P]dCTP) 3e5 mg total RNA in a reverse transcription
(RT) reaction using Superscript II (Invitrogen). Brieﬂy, RNA
was annealed in 10 ml H2O, with 1 mg of 24-mer poly (dT)
primer (Research Genetics, Huntsville, AL), by heating at
65(C for 15 min and cooling on ice for 5 min. TheRT reaction
was carried out by adding 8 ml of 5 ﬁrst-strand RT buffer
(Invitrogen), 4 ml of 20 mM dNTPs (without dCTP, Invitro-
gen), 4 ml of 20 mM DTT, 50 U of rRNasin (Promega, Madi-
son, WI), 6 ml of 3000 Ci/mM a[33P]dCTP (Perkin Elmer,
Boston, MA) to the RNA/primer mix to a ﬁnal volume of
40 ml. Superscript II reverse transcriptase was then added
and the mix incubated at 42(C for 45 min followed by an ad-
ditional 2 ml of Superscript II reverse transcriptase and anoth-
er 45 min of incubation. The reaction was stopped by the
addition of 5 ml of 0.5 M EDTA (ethylenediaminetetraacetic
acid). Samples were then incubated at 65(C for 30 min after
the addition of 10 ml of 0.1 M NaOH to hydrolyze and remove
any remaining RNA. Samples were puriﬁed using Sephadex
G-50 columns (Bio-Rad Laboratories, Hercules, CA) to re-
move unincorporated radioactivity.Mammalian Genome Collection cDNA microarrays, with
9600 human genes (6385 unique), were developed by the
Gene Expression and Genomics Unit, National Institute on
Aging/NIH10. All cDNA spots are printed in duplicate. Due
to the nature of the array construction several cDNAs are
represented multiple times on the array. Such replicates
are reported separately. Separate microarrays were done
for chondrons and chondrocytes from each human subject
and for each time point, 18 microarrays in total. Brieﬂy,
membranes were hybridized with a[33P]dCTP labeled
cDNA probes in 10 ml Ultrahyb hybridization solution (Re-
search Genetics) containing 10 ml of 10 mg/ml polyA for
12 h at 60(C in a rotating hybridization oven. Hybridized
arrays were washed in 10 ml of 2 sodium chloride/sodium
citrate buffer (SSC) and 0.1% sodium dodecyl sulfate
(SDS) twice at 60(C, followed by two to three more
washes in 1 SSC and 0.1% SDS at 65(C. The microar-
rays were then exposed to phosphor imager screens for
12e24 h and scanned in a Molecular Dynamics Storm
Phosphor Imager (Molecular Dynamics, Sunnyvale, CA)
at 50 mm resolution. Scanned images were then pro-
cessed using ImageQuant (Molecular Dynamics) and the
raw intensity values were transferred into Microsoft Excel
spreadsheets.
STATISTICAL ANALYSIS OF GENE ARRAY DATA
Raw intensity values were processed using Z-score
transformation. Z-score transformation normalizes data
within each hybridization array to permit pooling from multi-
ple arrays11. Using Z transformation, each hybridized value
for a given gene on the array is thereby expressed as a unit
of standard deviation from the mean intensity of all genes
on the array, normalized to zero. The value for each gene
is an average of the two independent readings of dupli-
cates. Brieﬂy, the log10 of each spot intensity was adjusted
to the mean and divided by the standard deviation of all the
spot intensities. Changes in gene expression between
chondrocytes and chondrons were then calculated
by subtracting the average of experimental replicates
(n¼ 3). This value is referred to as Z difference (Zdiff¼
Zchondrons Zchondrocytes). Signiﬁcance was deﬁned as
P< 0.05, 2.0> Zdiff> 2.0, and average intensity> 0.
Signiﬁcant changes in gene expression calculated in this
manner take into account the variation between replicates
on a gene-by-gene basis. This method allows a rigorous
statistical analysis of the microarray data taking advantage
of multiple (n¼ 3) experimental replicates. The consistency
of data was monitored by adding repeats of the same gene
on the same array. For example, HSP1A1 was repeated at
different locations on the array, and the upregulation of
HSP1A1 was repeatedly found in the database.
Signiﬁcant chondron genes were clustered using Gene-
Spring software (Silicon Genetics, Redwood City, CA) to as-
sess gene expression patterns with K-mean analysis. The
requested outputwas 10 sets of clusters. To facilitate function-
al analysis, PubMatrix (Gerontology Research Center, Na-
tional Institute on Aging/NIH, Baltimore, MD), a gene and
literature searching software12 was also used. GeneOntology
(GO) data were downloaded from GO Consortium website:
www.geneontology.org for gene functional classiﬁcation.
RT-PCR
Based on microarray analysis, some genes were chosen
from the list of signiﬁcant differentially regulated genes in
chondrons to be veriﬁed with real time RT-PCR. The criteria
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functions that may affect the chondron biology and (2)
genes related to chondrocyte phenotype. Most of them
had signiﬁcant differences on at least two time points of
the culture period. Both up- and downregulated genes in
chondrons were considered.
Using the SuperScript ﬁrst-strand synthesis system for
RT-PCR (Invitrogen), 2.5 mg of total RNA was reverse-tran-
scribed with 50 U of SuperScript II RT at 25(C for 10 min,
42(C for 50 min, and ﬁnally at 70(C for 15 min. The prod-
ucts of RT were treated with RNase H before storage at
20(C. Real time PCR was performed on an ABI Prism
7700 sequence detector (PE Applied Biosystems, Foster
City, CA). Using SYBR green PCR core reagents (PE Ap-
plied Biosystems), each reaction mixture consisted of 2.5 ml
of 10 SYBR PCR buffer, 3.0 ml of 25 mM MgCl2, 2.0 ml of
dNTP Blend, 0.6 U of AmpliTaq gold DNA polymerase,
0.25 ml of AmpErase UNG, 2.5 ml of 1:50 diluted reverse
transcript product, optimized volume of 5 mM primers and
diethylpyrocarbonate (DEPC)-treated water, for a total
volume of 25 ml. No-template and no-reverse transcript
reactions were included in each PCR plate as nega-
tive controls. Glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH) and succinate dehydrogenase complex, subunit
A (SDHA) were used as internal standards in each PCR
plate. Both GAPDH and SDHA were used to check the con-
sistency of gene expression, and GAPDH was taken for
quantiﬁcation. After 10 min at 95(C, the PCR ampliﬁcation
was performed for 40 cycles; each cycle consisted of ampli-
ﬁcation at 95(C for 50 s and at 65(C for 30 s. Primers (for
details see Table I) were supplied by Integrated DNA Tech-
nologies (Coralville, IA). The ampliﬁcation cDNA was mon-
itored by analysis of row data. The efﬁciency was calculated
as [10(1/slope)] 1. An efﬁciency >90% is required for fur-
ther processing of the data. At least ﬁve replicates of
each reaction were performed, and duplicate plates were
made for each set of reactions. The cycle at which the ﬂuo-
rescent level was statistically above the background was
deﬁned as the threshold cycle (Ct). The Ct values of the
gene under investigation were normalized (DCt) by subtrac-
tion of the Ct value of GAPDH. The comparison of gene ex-
pression in chondrons and chondrocytes, DDCt, was
a subtraction of DCt of chondrons from the DCt of chondro-
cytes. Gene expression differences between chondrons
and chondrocytes were expressed as 2DDCt (User bulletin
#2, Applied Biosystem), where a value >1 means an upre-
gulation and <1 for downregulation.
RT-PCR STATISTICAL ANALYSIS
The standard deviation of DCt, s¼ (s12þ s22)1/2, where s1
is the standard deviation for the gene of interest and s2 is
the standard deviation of GAPDH. DCt of chondrons and
chondrocytes were evaluated with paired Student’s t test.
Signiﬁcance was deﬁned as P< 0.05. The standarddeviation of DDCt is equal to the standard deviation of
DCtchondron (User bulletin #2, Applied Biosystem).
Results
MICROARRAY
The cDNA microarray data of gene expression in chon-
drons were directly compared with chondrocytes to deter-
mine an up- or downregulation. At day 1, there were 26
genes in chondrons signiﬁcantly upregulated and four down-
regulated when compared to those from chondrocytes. On
day 3, 97 genes were found to be upregulated in chondrons
and 43 downregulated. There were more downregulated
genes (56) than upregulated genes (32) in chondrons at
day 5. All together, chondrons showed 258 genes, including
the replicates of the same genes at different time points,
which were either up- or downregulated as compared to
chondrocytes under culture for comparable times. Of these,
90 genes were of unknown function. The remaining genes
were classiﬁed into six functional categories (Table II). In-
cludedwere genes involved in proliferation/cell cycle, metab-
olism, transcription factors, signaling, protein assembly/
transport, and DNA repair. Signaling, protein assembly/
transport, and metabolism were the best represented cate-
gories. The greatest difference between chondron and chon-
drocyte gene expression was seen at day 3.
K-MEANS CLUSTERING
K-means clustering was used to identify the intrinsic rela-
tions among the signiﬁcant genes by expression patterns.
Of the 10 output clusters, generated by an input of 258 sig-
niﬁcantly regulated chondron genes, three separate clus-
ters with a reasonable number of genes had a distinct
expression pattern. Cluster A included 42 genes (Table III).
Most of the genes were expressed in the (linear, normal-
ized) intensity range of 0e3. During the culture period,
this cluster of genes in chondrocytes decreased in expres-
sion from day 1 to day 3, and to a slight degree from day 3
to day 5. In chondrons, their expression was upregulated at
day 3 and maintained at this level through day 5 [Fig. 1(a)].
In comparison between chondrons and chondrocytes, the
expression of these genes was statistically insigniﬁcant at
day 1. At days 3 and 5, the expression of this cluster of
genes in chondrons was signiﬁcantly greater than that in
chondrocytes [Fig. 1(b)]. Most of these genes are classiﬁed
as genes involved in signaling and unknown function.
Cluster B consisted of 46 genes (Table IV). This cluster of
genes showed steady expression in chondrocytes through-
out the culture period, in the (linear, normalized) intensity
range of 0e1. However, chondrons had an increase in
expression at day 3 and maintained this elevated level of
expression through day 5 [Fig. 2(a)]. Both chondrocytes
and chondrons had similar expression levels of these genes
at day 1. At days 3 and 5, these genes were more highlyTable I
Primers for real time RT-PCR
Gene name Gene (accession no.) Forward primer Reverse primer
Heat shock 70 kDa protein 1A HSPA1A (BC009322) AGCAGGTGTGTAACCCCATC GCAGCAAAGTCCTTGAGTCC
Heat shock 70 kDa protein 8 HSPA8 (BC009338) GGAGGTGGCACTTTTGATGT GTACGGAGGCGTCTTACAGC
Heat shock 70 kDa protein 2 HSPA2 (BC001752) CACAGTGCAGTCGGATATGA CTTGGTCTCCCCCTTGTACT
BCL2-associated athanogene 3 BAG3 (BC014656) AGAAGTTTAACCCCGTTGCT CCTCCAGTCCAGAGCTACAA
Secreted phosphoprotein 1 SPP1 (BC017387) GCAACCGAAGTTTTCACTCC ATTCAACTCCTCGCTTTCCA
Decorin DCN (BC005322) GCCCAGAAGTTCCTGATGAC TCAGAACACTGGACCACTCG
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Most of the genes in this cluster were found to be involved
in metabolism, protein assembly/transport, or had unknown
functions.
There were 13 genes in cluster C (Table V). Except for
one gene, this cluster of genes was expressed in the (linear,
normalized) intensity range of 0e1. The gene expression
pattern in this cluster was not as uniform as clusters A
and B. During culture, the expression of these genes in
chondrocytes changed little. From day 1 to day 3, some
were slightly upregulated and a few slightly downregulated.
In chondrons, a signiﬁcant decrease in the expression of
this cluster of genes occurred at day 3. This decrease re-
versed at day 5 [Fig. 3(a)]. However, the expression in
chondrons was still less than that in chondrocytes
[Fig. 3(b)]. When compared with chondrocytes, the expres-
sion of this cluster of genes in chondrons was generally un-
changed at day 1, but decreased from day 3 to day 5. This
group of genes spreads over several functional categories,
except transcription factors and DNA repair.
INDIVIDUAL GENES WITH VALIDATION BY REAL TIME RT-PCR
Real time RT-PCR was utilized as a means of verifying
the up- or downregulation of chosen genes found in micro-
array (Table VI). The magnitude of the change was calcu-
lated by relative, rather than absolute, quantiﬁcation (User
bulletin #2, Applied Biosystem), and may not match well
with the differences in microarray expression due to the dif-
ferences in cDNA ampliﬁcation procedure, the treatment of
reference intensity, and mathematical process of the data in
microarray and PCR.
Heat shock protein 70
A group of heat shock protein 70 genes was upregulated
in chondrons. Among them, HSPA8 expression was in-
creased at days 1 and 3 when compared to chondrocytes,
which were in line with real time RT-PCR. The upregulation
of HSPA1A in chondrons was at day 5. HSPA2 was also
upregulated in chondrons at day 3. By real time RT-PCR,
however, its expression was only slightly elevated in com-
parison with chondrocytes, although the difference of aver-
age DCt of chondrons and chondrocytes was statistically
signiﬁcant (P< 0.001).
BCL2-associated athanogene 3 (BAG3)
In chondrons, BAG3 expression increased at days 1 and
3 as compared to chondrocytes. A greater upregulation was
seen at day 1.
Table II
Summary of significantly regulated chondron genes, in comparison
to chondrocytes, in different functional categories
Upregulation Downregulation
Day 1 Day 3 Day 5 Day 1 Day 3 Day 5
Proliferation/cell cycle 1 8 3 6 7
Metabolism 3 13 1 2 9 9
Transcription factors 1 5 2 1 2
Signaling 8 10 8 1 12 18
Protein assembly/
transport
5 14 2 1 4 4
DNA repair 3 2 1 2
Unknown function 8 44 14 10 14
Total 26 97 32 4 43 56Secreted phosphoprotein 1 (osteopontin, SPP1)
SPP1 expression was decreased in chondrons at day 1.
In real time RT-PCR, SPP1 expression in chondrons was
just 7% of that in chondrocytes.
Decorin (DCN)
DCN expression in chondrons decreased at days 3 and
5, in comparison to the expression in chondrocytes. The
tendency of downregulation was consistent in both cDNA
microarray and real time RT-PCR, that is, the expression
level was lower at day 5 than at day 3.
Discussion
The abundant ECM in cartilage offers chondrocytes me-
chanical protection and regulates chondrocytes metabolic
activities and phenotype13. In culture, chondrocytes are
not only challenged by changes in oxygen tension14 and os-
molality15, but also loss of 3-dimensional contacts with
ECM. Gene expression by chondrocytes is instantly altered
by the enzymatic isolation procedure16. In contrast, chon-
drocytes enclosed by PCM in chondrons have performed
differently in mechanical strength and matrix produc-
tion4,6,8,9. We hypothesized that the characteristics of chon-
drons result from the effects of PCM on the gene
expression of chondrocytes within chondrons.
In the present study, cDNA microarray analysis revealed
that the intact PCM in chondrons has profound effects on
chondrocyte gene expression. The difference involves
a large number of genes in a broad range of functional cat-
egories, and persists over an extended period of time. In
culture, reconstruction of the ECM by isolated chondro-
cytes is a dynamic process. The activeness of isolated
chondrocytes is evidenced in the ﬁrst few days in culture,
although complete restoration of ECM takes longer17. Sig-
niﬁcant amounts of PCM are deposited and, consequently,
improvements in physical properties occur after only 3
days in culture18. By day 6, a complex PCM with integrity
of both molecular composition and biomechanics is re-
stored. The intact PCM of chondrons changes chondrocyte
behavior in culture. There were 258 genes in chondrons
that were differentially expressed at the designated three
time points of this 5-day culture. Of them, 140 genes had
altered expression at day 3. The three distinct K-mean
clusters represent unique gene expression patterns in
chondrons that are different from chondrocytes, and have
a common starting point at day 3. The timing indicates
that these genes may have roles in the reconstruction of
ECM, and in particular, the PCM that is assembled around
chondrocytes before it extends into interterritorial matrix17.
Further studies on the functions of those genes are signif-
icant for manipulation of chondron properties for tissue
engineering.
For chondrons, the gene expression patterns over time of
clusters A and B were essentially the same, but exhibited
different magnitudes. Together, clusters A and B represent
88 genes in chondrons with a unique expression pattern
that increases expression after day 3. Equally important is
cluster C in which the expression of those genes in chon-
drons was decreased at day 3. The inﬂuence of PCM on
chondrocytes is continuous, but changes roles. At day 3,
most of the signiﬁcantly regulated genes in chondrons
were in the functional categories of metabolism, protein as-
sembly/transport and signaling. By day 5, the most promi-
nent functional group was signaling.
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Genes in cluster A
Symbol GenBank Name Zdiff
D1 D3 D5
PC4 BC018189 Activated RNA polymerase II
transcription cofactor 4
0.2 2.4* 2.3*
MGC4771 BC004917 Hypothetical protein MGC4771 0.3 2.4* 2.2*
LOC120224 BC016153 Hypothetical protein BC016153 0.3 2.4* 2.0*
CHRNB1 BC011371 Cholinergic receptor, nicotinic, beta
polypeptide 1 (muscle)
0.8 2.5* 1.8
MGC14126 BC007827 Hypothetical protein MGC14126 0.4 2.0* 1.5
LOC142937 BC008131 Hypothetical protein BC008131 0.4 2.5* 2.4
FLJ20013 BC017096 Hypothetical protein FLJ20013 0.5 2.1* 2
RPF1 BC016051 RNA processing factor 1 0 2 2.1*
CCBL1 BC013069 Cysteine conjugate-beta lyase 1.3 2.3* 2.2
DKFZP434H132 BC001762 DKFZP434H132 protein 0 1.9 2.0*
MB BC014547 Myoglobin 0.1 2 2.1*
MGC4278 BC020241 Hypothetical protein MGC4278 0.2 2.0* 1.6
SLC1A5 BC000986 Solute carrier family 1
(neutral amino acid transporter),
member 5
0.1 1.9 2.0*
C1QB BC008983 Complement component 1,
q subcomponent,
beta polypeptide
0.3 2 2.1*
NMB BC008603 Neuromedin B 1.7 2.9** 2.1*
CCL5 BC008600 Chemokine (CeC motif)
ligand 5
1.3 2.8** 2.2
SEDL BC016915 0.2 2.3* 2.1*
S100A4 BC016300 S100 calcium binding protein A4 0.1 2.2* 2.1*
MGC13007 BC017072 Hypothetical protein MGC13007 0.3 2.2* 2
RABIF BC018488 RAB interacting factor 0.4 2.2* 2.2
CXCL6 BC013744 Chemokine (CeXeC motif)
ligand 6
0.2 2.1 2.0*
FLJ36666 BC018441 Hypothetical protein FLJ36666 0.4 2.1 2.1*
RNAHP BC015505 RNA helicase-related protein 0.3 2.1 2.1*
MRPS25 BC003590 Mitochondrial ribosomal
protein S25
0.1 2.1* 1.9
TCEB1 BC013809 Transcription elongation
factor B (SIII), polypeptide 1
0.2 2.2* 2.1*
MYL3 BC009790 Myosin, light polypeptide 3,
alkali
0 2.1* 2.0*
C20orf98 BC001963 Chromosome 20 open
reading frame 98
0.1 2.1* 2.1*
SH3GLB2 BC014635 SH3-domain GRB2-like
endophilin B2
0.1 2.5* 2
PROS1 BC015801 Protein S (alpha) 0.2 2 2.0*
SAS BC010377 Sarcoma ampliﬁed sequence 0.3 2.1* 2.0*
LOC51123 BC015925 HSPC038 protein 0.3 2.3 2.3*
YAP BC003500 YY1 associated protein 1.1 2.1* 1.9
TMSB10 BC016025 Thymosin, beta 10 0.1 2.4* 2.2*
KRT18 BC000698 Keratin 18 0.7 1.7 2.0*
UPK1B BC012851 Uroplakin 1B 0.9 3.0** 2.8*
MGC10814 BC004943 Hypothetical protein MGC10814 0.1 2.5* 2.3
MRPL30 NM_145212 Mitochondrial ribosomal
protein L30
0.1 2.2* 2
FLJ10719 BC004277 Hypothetical protein FLJ10719 0.6 2.6* 2
FLJ11305 BC016614 Hypothetical protein FLJ11305 0 1.9 2.0*
LOC51759 BC007664 Hepatocellular carcinoma-associated
antigen 59
0.2 2.1* 1.8
CRYZL1 BC013155 Crystallin, zeta (quinone reductase)-like 1 0.5 2.2* 2.1
UBL5 BC007053 Ubiquitin-like 5 0.2 1.9 2.1*
D1, day 1; D3, day 3; D5, day 5. (*P< 0.05; **P< 0.001). Zdiff computed by the formula: Zdiff¼ Zchondrons Zchondrocytes. P value computed
by Z test (See Materials and methods for details).By design, this study directly compared chondrons and
chondrocytes at the expression of each individual gene.
As a result, genes expressed in both chondrons and chon-
drocytes but at a similar level were not shown. It is the case
for most of the common cartilage speciﬁc genes, such as
types II, IX, X collagen and aggrecan. The main reasoncould be that the phenotypes of isolated chondrocytes
and chondrocytes in chondrons are generally stable in pel-
let culture19. Larson et al. found that it is a better retention,
rather than increasing synthesis, that makes more proteo-
glycan in the cultured chondron pellets than in the chondro-
cyte pellets9.
454 Z. Zhang et al.: Comparison of gene expression proﬁleFig. 1. Cluster A includes 42 genes. a: This cluster of genes was downregulated in chondrocytes during culture, and upregulated in chondrons
after day 3 in culture. b: Direct comparison between chondrocytes (axis A) and chondrons (axis B); this cluster of genes was expressed at the
same level in both chondrocytes and chondrons at day 1. The expression of this gene cluster was increased in chondrons at days 3 and 5 as
compared to chondrocytes. The normalized linear intensity ( y axis) is the result of multiple-step normalizations, involving a mean of whole
array, control values and input data.A notable group of upregulated genes in chondrons is
heat shock protein genes. Heat shock proteins are molec-
ular chaperones that participate in protein assembly, fold-
ing, transport, and promotion of cell survival during stress
challenges20. For example, chondrocytes (HCS-2/8)
respond to physiological pressure by upregulatingHSP7021,22. The upregulation of HSPA1A, HSPA2, and
HSPA8 in chondrons, which are members of the HSP70
family, may contribute to the mechanical robustness of
chondrons4.
HSP and its cofactors promote cell survival by inhibiting
both the mitochondrial (intrinsic) and the death receptor
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Genes in cluster B
Symbol GenBank Name Zdiff
D1 D3 D5
FLJ20813 BC017219 Hypothetical protein FLJ20813 1.3 2.4* 2.2
MGC3169 BC001195 Hypothetical protein MGC3169 0.5 2.4* 1.8
DKFZP434A0131 BC002581 DKFZp434A0131 protein 0.1 2.0* 1.8
C20orf106 BC014951 0.9 2.9* 2.5
FLJ20139 BC009620 Hypothetical protein FLJ20139 0.7 2.3* 2.4
ZNF215 BC014538 Zinc ﬁnger protein 215 1.5 2.7* 2.3
SMA3 BC002622 SMA3 0.3 2.0* 1.7
TUBD1 BC000258 Likely ortholog of mouse tubulin,
delta 1
0.4 2.5* 2
HSPC052 BC016914 HSPC052 protein 0.6 1.8 2.1*
FLJ20320 BC015324 Hypothetical protein FLJ20320 0.3 1.9 2.0*
CCBP2 BC020558 Chemokine binding protein 2 0 2.1* 1.9
NM23-H6 BC012828 Nonmetastatic cells 6 1.2 2.3* 2.3
DFFA BC007721 DNA fragmentation factor, 45 kDa,
alpha polypeptide
0.7 2.2* 1.9
MGC5457 BC000988 Hypothetical protein MGC5457 1 2.7* 2.4
SLC12A8 BC020506 Solute carrier family 12, member 8 1.1 2.3* 2.2
MGC4248 BC005871 Hypothetical protein MGC4248 0.7 2.0* 1.8
FLJ22548 BC015548 1.1 3.5* 3
CASP2 BC002427 Caspase 2 0.7 2.1* 1.7
LOC197336 BC013032 Similar to Hypothetical 43 0.4 2.6* 1.1
CHEK2 BC000004 CHK2 checkpoint homolog
(S. pombe)
0.4 2.1* 2
LOC201853 BC009926 Similar to hypothetical protein
(L1H 3 region) e human
1.2 3.4* 3.2
AP4S1 BC001259 Adaptor-related protein complex 4,
sigma 1 subunit
1 2.4* 2.3
ICAM4 BC000046 Intercellular adhesion molecule 4 0.7 2.4* 1.9
RFC2 BC002813 Replication factor C (activator 1)
2, 40 kDa
0.9 2.4* 2.5*
PTD015 BC016854 PTD015 protein 1.1 2.6* 2.4
MGC21675 BC013775 Hypothetical protein MGC21675 0.7 2.4* 2.4
MGC14254 NM173562 Hypothetical protein MGC14254 1.2 2.2* 2.1
HZF12 BC011502 Zinc ﬁnger protein 12 1.2 2.6* 2.4
FUSIP1 BC005039 FUS interacting protein
(serineearginine rich) 1
0.3 2.1* 2
PPM1F BC013798 Protein phosphatase 1F
(PP2C domain containing)
0.4 2.0* 1.9
AP1S3 BC021898 Adaptor-related protein complex 1,
sigma 3 subunit
0.9 2.1* 1.6
UEV3 BC011011 Ubiquitin-conjugating enzyme
E2-like
1 2.4* 2.1
LOC115761 BC013150 Hypothetical protein MGC17429 0.5 2.4* 2.5
RBM3 BC006825 RNA binding motif protein 3 0.8 2.2** 1.9
KDELR2 BC008081 KDEL endoplasmic reticulum protein
retention receptor 2
0.4 2.2* 1.8
PTAFR BC013816 Platelet-activating factor receptor 0.7 2.7* 2.3
RAD1 BC006837 RAD1 homolog (S. pombe) 0.9 2.1* 1.9
MGC3113 BC000203 Hypothetical protein MGC3113 1 2.5* 2.2
LOC57146 BC015812 Hypothetical protein from clone 24796 0.5 2.0* 1.6
KIAA0101 BC005832 KIAA0101 gene product 1.1 2.8* 2.3
DBR1 BC009472 Debranching enzyme homolog 1
(S. cerevisiae)
0.9 2.2* 2.2
FLJ13614 BC016905 Hypothetical protein FLJ13614 0.3 2.9* 2.1
LOC90141 BC001787 Chromosome 14 open reading
frame 143
0.5 2.1* 2
PECR BC002529 Peroxisomal trans 2-enoyl CoA reductase 1.8 2.4* 2
MGC16037 BC007651 Hypothetical protein MGC16037 0.5 2.4* 2
MGC29762 BC021264 Hypothetical protein MGC29762 0.6 2.2* 1.9
D1, day 1; D3, day 3; D5, day 5. (*P< 0.05; **P< 0.001). Zdiff computed by the formula: Zdiff¼ Zchondrons Zchondrocytes. P value computed
by Z test (See Materials and methods for details).(extrinsic) cell-death pathways23,24. The upregulation of
HSP genes (HSPA1A, HSPA2 and HSPA8) and BAG3,
which is a cochaperone partner of HSP29, can be one of
the mechanisms that protect chondrons from stresses. Onthe other hand, the decreased expression of SSP1, ex-
pressed by hypertrophic chondrocytes25, in chondrons
may suggest a reduction of terminal differentiation and ap-
optosis in the chondron population. A healthy population
456 Z. Zhang et al.: Comparison of gene expression proﬁleFig. 2. Cluster B includes 46 genes. a: The genes of cluster B were expressed at a steady level in chondrocytes during culture. In chondrons,
this group of genes was upregulated after day 3 in culture. b: Comparison of cluster B gene expressions between chondrocytes (axis A) and
chondrons (axis B) showed no difference between chondrocytes and chondrons at day 1. However, the expression of this cluster of genes
increased in chondrons as compared to chondrocytes at days 3 and 5. The normalized linear intensity ( y axis) is the result of multiple-
step normalizations, involving a mean of whole array, control values and input data.of chondrons could beneﬁt the rebuilding of ECM in tissue
culture for cartilage engineering8,9.
Chondrocytes display various phenotypes according to
physiological stages or pathological conditions26. Classical
chondrocyte dedifferentiation includes a ﬁbroblast-like mor-
phology and expression of type I collagen instead of type II
collagen27. It is now agreed that the dedifferentiation pro-
cess is much more complex and involves multiple genes28.
DCN is a small leucine-rich proteoglycan in articular carti-
lage matrix29. On both mRNA and protein level, DCN con-
tent increases in osteoarthritic cartilage30, due toincreased expression by dedifferentiated chondrocytes31.
In cultured chondrons, DCN expression was decreased
compared to chondrocytes. This might suggest that the
chondrocyte phenotype is further stabilized by the presence
of a PCM in chondrons, even though the pellet culture tech-
nique utilized for the current study retains the chondrocyte
phenotype19.
The robust response to physical stimulation and efﬁcacy
of matrix production by chondrons gives great potential for
tissue engineering32. It is encouraging that the volume
and content of PCM in chondrons can be manipulated
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Genes in cluster C
Symbol GenBank Name Zdiff
D1 D3 D5
NEIL1 BC010876 Nei endonuclease VIII-like 1 (E. coli) 0.4 2.2* 1
GNG11 BC009709 Guanine nucleotide
binding protein (G protein),
gamma 11
0.7 2.5** 1.1
3-Apr BC011006 Apoptosis related
protein APR-3
0.6 2.0* 1.3
SMAP BC007103 Small acidic protein 2.6** 1.1 0.7
KIAA0092 BC001233 KIAA0092 gene product 1.9 2.4* 0.9
LOC116123 BC014341 Hypothetical protein BC014341 1.2 2.0* 1.7
CTSL BC012612 Cathepsin L 1.2 2.3* 1.9
GLRX BC005304 Glutaredoxin (thioltransferase) 0.9 2.5* 1.5
RNF40 BC018647 Ring ﬁnger
protein 40
0.1 2.4* 0.5
HSPC194 BC002496 Hypothetical protein HSPC194 0.4 2.2* 1
ALDH1A1 BC001505 Aldehyde dehydrogenase 1 family,
member A1
2.1 1.1 2.0*
RPS27L BC003667 Ribosomal protein S27-like 0.5 2.1** 1.6
MGC1223 BC001033 Hypothetical protein MGC1223 0.5 2.0* 0.9
D1, day 1; D3, day 3; D5, day 5. (*P< 0.05; **P< 0.001). Zdiff computed by the formula: Zdiff¼ Zchondrons Zchondrocytes. P value computed
by Z test (See Materials and methods for details).
Fig. 3. Cluster C includes 13 genes. a: Generally, expression of genes in cluster C was level in chondrocytes during culture. However, this
cluster of genes was downregulated in chondrons at day 3, and slightly upregulated by day 5. b: At day 1, the expression of cluster C varied in
a small range between chondrocytes (axis A) and chondrons (axis B). On days 3 and 5, the expression of this cluster of genes in chondrons
was downregulated when compared to chondrocytes. The normalized linear intensity ( y axis) is the result of multiple-step normalizations, in-
volving a mean of whole array, control values and input data.
458 Z. Zhang et al.: Comparison of gene expression proﬁlein vitro33. The current study adds favorable information to
this approach. By comparison of the gene expression pro-
ﬁles of chondrons and chondrocytes, the current study re-
veals that the PCM in chondrons regulates the expression
of a large number of genes. Secondly, the upregulation of
HSP70 may contribute to the better survival of chondrons
from cell stress.
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